Background: Alzheimer disease (AD) is the most common form of dementia worldwide. Mild cognitive impairment (MCI) is the recent terminology for patients with cognitive deficiencies in the absence of functional decline. Most patients with MCI harbor the pathologic changes of AD and demonstrate transition to dementia at a rate of 10% to 15% per year. Patients with AD and MCI experience progressive brain atrophy.
A
LZHEIMER DISEASE (AD) IS the most common neurodegenerative disease in the elderly population. It results fromtheabnormalaccumulation of misfolded amyloid and tau proteins in neurons and the extracellular space, ultimately leading to cell death and progressive cognitive decline. Pathologic features of AD often are noted in patients with mild cognitive impairment (MCI) with a more restricted anatomical distribution. 1 Spread of neuritic plaques and neurofibrillary tangles through the brain is highly systematic. The first amyloid plaques form in the temporooccipital association cortices, 2, 3 then in the perirhinal or entorhinal area and the parietal cortex, and later in the frontal neocortex. 4 Neocortical amyloid deposits ordinarily precedeneocorticalneurofibrillarytangles. 2 Neurofibrillary tangles initially accumulate in the entorhinal cortex and later the hippocampus, 2, 5 then in the lateral temporal, parietal, and frontal association cortices. 2, 3 Mild cognitive impairment is a recently introduced term that includes those patients who perform substantially worse than their peers on neuropsychological tests, yet are functionally intact and capable of living independently. Most patients with MCI harbor the pathologic changes of AD. The incidence of AD in the cohort with MCI is as high as 10% to 15% per year. 6 Global brain atrophy is highly predictive of imminent progression of MCI to AD. 7 Using voxel-based morphometry, several research groups have reported atrophy of the temporal, 8, 9 posterior cingulate, 8, 10, 11 and precunealcortices 8, 10, 12 inADcomparedwithcognitively normal control subjects. In a recent voxel-basedmorphometrystudy,significantly greater atrophy was found in the parietal, anterior, and posterior cingulate structures in mild to severe AD compared with MCI. 13 In the present study, we used 3-dimensional (3-D) computational gray matter mapping and surface-based cortical modeling techniques to compare amnestic MCI and mild AD. This approach has been successfully used in several neurodegenerative, developmental, and psychiatric disorders, as well as in normal brain development.
METHODS

PATIENTS
We analyzed the imaging data for 24 patients with amnestic MCI and 25 patients with mild AD (Mini-Mental State Examination [MMSE] score Ͼ18) from the UCLA (University of California at Los Angeles) Alzheimer Disease Research Center database. All subjects provided informed consent according to the Declaration of Helsinki and the restrictions and policies of the UCLA institutional review board. Demographic and cognitive data are given in Table 1 and Table 2 . The diagnostic workup consisted of physician interview, general and neurologic examinations, and detailed neuropsychological evaluation. 15 Diagnostic decisions were reached by consensus among neurologists, psychiatrists, and neuropsychologists and were based on the NINCDS/ADRDA (National Institute of Neurological and Communicative Disorders and Stroke/Alzheimer's Disease and Related Disorders Association) criteria for AD 16 and the Petersen criteria for MCI. 6 Additional inclusion criteria were age 55 to 90 years, no evidence of concurrent general medical condition of sufficient severity to affect cognition, no history of drug or alcohol abuse, no concurrent psychiatric or other neurologic illness, and an MMSE score higher than 18 in the group with mild AD.
MAGNETIC RESONANCE IMAGING DATA ACQUISITION AND ANALYSIS
Magnetic resonance images were obtained with a 1.5-T Signa scanner (GE Medical Systems, Milwaukee, Wisconsin) with the following protocol: spoiled gradient echo; gapless coronal acquisition; repetition time, 28 milliseconds; echo time, 6 milliseconds; field of view, 220 mm; acquisition matrix, 256 ϫ192 voxels; and section thickness, 1.5 mm. We used a 9-parameter linear transformation 17 to spatially normalize and scale the individual magnetic resonance images to the International Consortium for Brain Mapping 53 (ICBM53) average brain imaging template and a regularized tricubic B-spline approach for image intensity nonuniformity correction. 18 The scalp and other extracerebral tissues were automatically removed. All volumes were visually inspected and mislabeled brain and nonbrain tissues were manually corrected. After automated 3-D hemispheric reconstruction, 38 sulci per hemisphere were traced following a detailed and extensively validated protocol. 19 Individual sulcal maps were averaged to create a common average sulcal map for all of the subjects in the study. The individual cortical surfaces were parameterized, flattened, and warped so that all individual sulci were aligned with the respective average sulcal representation. This step ensures explicit matching of homologous gyri, insofar as possible, before averaging of data on gray matter distribution across subjects. Image voxels were classified using a partial volume classifier 18 that considers the fact that more than 1 tissue type may be found in a given voxel and assigns each voxel to the most representative tissue class (ie, gray matter, white matter, cerebrospinal fluid, and a background class). Gray matter volumes were extracted 18 and mapped onto the corresponding parametric hemispheric model in exact spatial correspondence (Figure 1) .
As in many previous studies from our group and others, a commonly used measure of regional gray matter volume, known as gray matter density, was defined as the proportion of tissue segmenting as gray matter in a small spherical region (10-mm radius) around each point on each subject's cortical surface model. Ashburner and Friston 20 have used and described similar measures. To ensure that our findings were not biased by global brain scaling to ICBM space, we reverted the individual parametric hemispheric models back to native space (ie, scanner space), then computed a native space segmented gray matter volume, thereby creating a second set of native space individual cortical density maps. Average 3-D gray matter density maps in native and ICBM space were created for each group. Correlation maps of the linkage between structural differences and clinical diagnosis and their statistical significance were created both in native space maps ( Figure 2) and ICBM space maps. The gray matter differences were quantitatively examined (Figure 3) . The maps were corrected for multiple comparisons with permutation analysis, which assessed the fraction of the cortical surface area with statistics exceeding a given fixed threshold (P=.001), and compared with the null distribution constructed empirically by randomly assigning subjects to groups.
RESULTS
The differences between the groups with amnestic MCI and mild AD on the native and ICBM space hemispheric maps were highly significant after controlling for multiple comparisons at a stringent voxel level threshold (permutation threshold, P=.001; left hemisphere map, P<.001; right hemisphere map, P<.001). The ICBM space maps were similar to the native space maps and, therefore, are not further reported here. Regionally pronounced and highly significant (PϽ.0001) gray matter atrophy in mild AD vs amnestic MCI was seen throughout the cortex in both brain hemispheres (Figure 2, top) . The strongest correlations between clinical diagnosis of AD and gray matter loss were found bilaterally in the entorhinal, parahippocampal, fusiform, precuneus, posterior cingulate, lateral temporal, and medial orbitofrontal cortices (rϾ0.5), the right temporooccipital and parieto-occipital areas (rϾ0.5), followed by the left parietal, bilateral medial and lateral frontal, bilateral medial occipital, and left lateral occipital association cortices (r=0.3-0.5; Figure 2 , bottom). The least significant correlations were seen in the primary sensory and motor cortices (rϽ0.3).
A quantitative analysis of the gray matter differences between the 2 groups is shown in Figure 3 . The bilateral entorhinal, the right more than left lateral temporal, right parietal cortex, and bilateral precuneus showed more than 15% greater atrophy and the remainder of the cortex showed mostly 10% to 15% greater atrophy in patients with mild AD compared with patients with amnestic MCI.
The 3-D statistical maps showed greater effect sizes in the right hemisphere. However, variability across subjects for the left and right hemispheres was comparable in both groups. Next we compared the left and right group-average gray matter density maps in each group. There was less cortical gray matter in the right hemisphere than the left hemisphere in both groups. The greatest differences were found in the lateral temporal and inferior frontal areas (Figure 4) .
COMMENT
In the present study, we used a state-of-the-art method for 3-D analyses of gray matter atrophy that has proved to be both sensitive and reliable. 21 Imaging techniques that rely on computational anatomy are increasingly used to study neurodegenerative disorders because they allow for quantification of changes in regional gray matter volume and for detection of subtle anatomical disturbances.
Using an advanced computational anatomy technique, we compared findings in patients who had amnestic MCI with patients who had mild AD. Despite the relatively small cognitive differences between our 2 groups (mean MMSE score difference, 4.4), we found strikingly different levels of gray matter atrophy. The most pronounced differences between the 2 groups were seen in the mesial and inferior temporal, posterior cingulate, temporal, and parietal association cortices, and the least differences in the primary sensory and motor cortices. These data agree with the well-documented progression of AD pathology in the brain where the amyloid and neurofibrillary tangle burden are most pronounced in the temporal area, followed by the parietal and, finally, the frontal areas, with relative sparing of the sensorimotor and primary visual cortices.
2,3
Pathologic features of AD do not spread symmetrically through the brain. 22, 23 Using the same technique, our group analyzed the progression of cortical atrophy in patients with moderate AD (baseline mean±SD MMSE score, 17.7±1.9). We observed more severe gray matter atrophy in the left .04
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.00 hemisphere both at baseline and at follow-up. 24 In the present study, we observed more severe atrophy of the right hemisphere both in the amnestic MCI and the mild AD groups. Although these results may seem to conflict, we can offer 2 plausible explanations. First, these 2 studies included patients with different stages of AD and the observed discrepancy may represent a stage-specific lateralization of the disease process. The second hypothesis is based on the well-documented variability of AD features. Decades of research on brain-behavior relationships have established the left hemisphere as the primary site for language faculties in right-handed persons. Thus, we might postulate that patients with AD with predominantly leftsided pathologic features would have a more profound language impairment and, consequently, poorer performance on neuropsychological tests and the MMSE compared with patients with AD with predominantly rightsided pathologic features. The present study included functionally impaired patients with AD who had high MMSE scores, potentially overrepresenting right-predominant AD pathologic features. Conversely, the study by Thompson et al 24 may have included patients with left-predominant AD pathologic features, who score relatively low on the MMSE but who were not profoundly impaired so that they would not be able to tolerate the follow-up magnetic resonance imaging. In addition, our group recently demonstrated that in young persons with normal cognition, the left lateral temporal neocortex was 15% thicker than the right lateral temporal neocortex. 25 To our knowledge, this is only the second comparative magnetic resonance imaging study of amnestic MCI and mild AD. Using the voxel-based morphometry technique, Chételat et al 26 found significantly greater atrophy in the left precuneus, left parietal lobe, left superior and middle temporal gyri, and the right middle temporal gyrus in patients with mild AD vs amnestic MCI. Two other studies compared the gray matter atrophy pattern between patients with MCI and AD with mild to severe disease (MMSE score, 4-28) 13 and mild to moderate disease (mean±SD MMSE score, 19.8±4.1). 27 In Chételat et al, 26 the reported differences in the lateral parietal, posterior cingulate, posterior temporal, and occipital cortices between mild AD and MCI did not survive stringent multiple comparison corrections. Bozzali et al 27 reported subtle differences between patients with MCI that progressed to AD and patients with mild to moderate AD located in the superior frontal, precuneus, and inferior temporal cortices (PϽ.001, uncorrected for multiple comparisons) and extensive differences between patients with MCI who remained cognitively stable and patients with mild to moderate AD located the superior, middle, inferior frontal, middle and inferior temporal, and anterior and posterior cingulate (PϽ.001, uncorrected for multiple comparisons) but not the precuneus and the lateral parietal cortices. By removing confounding anatomical variance, our approach of matching cortical surfaces and sulcal patterns 24 increases the statistical power to detect atrophy and provides better anatomical localization than conventional voxel-based morphometry approaches do. With this approach, we were able to detect widespread differences in cortical atrophy between patients with amnestic MCI and mild AD. Of the 2 voxel-based morphometry studies comparing patients with mild AD and age-matched cognitively normal control subjects, one showed substantial bilateral involvement of the posterior cingulate and precuneus and the left inferior temporal lobe in AD 11 and the other showed bilateral middle temporal and frontal cortical, and right inferior temporal cortical and precuneal atrophy. 12 Comparative analyses of gray matter integrity in patients with mild to moderate AD compared with elderly persons with normal cognition have yielded reports of extensive cortical atrophy in AD but with a somewhat variable spatial distribution among studies. Areas of involvement include the mesial temporal lobe structures, 8 posterior cingulate and precuneus, 8, 12, 28 and the temporoparietal, 8, 28 lateral temporal, 10, 12, [28] [29] [30] inferior parietal, 28, 29 and fusiform cortices. 10, 29 Several strengths and limitations of our study should be recognized. We conducted a cross-sectional analysis that shows strikingly greater atrophy in mild AD vs amnestic MCI, conforming to the pattern of spread of AD pathologic changes throughout the brain observed at postmortem analysis. However, a longitudinal design 24 would provide stronger evidence that the observed differences reflect pathologic spread of the disease. In both AD and MCI, the clinical findings and focal atrophy pattern can show substantial variability. Because regional variability in gray matter density would lead to reduction in effect sizes, precise alignment of cortical structures, as we did in the present study, is invaluable. Mild cognitive impairment can be caused by disorders other than AD. To minimize this variability, we included only patients with the amnestic subtype of MCI and applied stringent diagnostic criteria for both disorders. In addition, we created group gray matter variability maps and confirmed that both groups had comparable gray matter variability. By limiting our study to the predementia amnestic MCI stage and the milder stages of AD, we may have introduced a selection bias for enrollment of patients with predominantly right-sided pathologic features. However, our 2 patient groups had similar lateralization of gray matter distribution, which does not support the idea that ascertainment bias could account for the observed group differences. In the present study, interindividual variability was also carefully controlled because our technique ensures precise alignment of cortical anatomy, thus fostering our ability to detect diseaseinduced as opposed to spurious associations due to misregistration of anatomy, for example. To understand any potential effects of spatial normalization and scaling and ensure preservation of gray matter voxel counts and volume, we inverted the spatial transformation and created the native space maps, which agreed with those obtained after stereotaxic scaling.
CONCLUSION
Mild cognitive impairment is a relatively recent concept. Almost all patients with amnestic MCI develop AD, and this progression occurs at an average rate of 10% to 15% per year. The diagnosis of MCI currently relies on arbitrarily selected cognitive cutoff points in the absence of functional decline. To better understand the MCI state, further exploration is warranted to examine the cognitive and etiologic heterogeneity of MCI and its relation to mild AD.
